We investigated the molecular basis of a severe form of early onset autosomal recessive muscular dystrophy with sarcoglycan (SG) deficiency in seven large Gypsy families living in different parts of Western Europe and apparently not closely related. They were linked to the LGMD2C locus (13q12) suggesting a primary defect in the γ-SG gene coding for the 35 kDa dystrophinassociated glycoprotein. All of the 18 investigated patients were homozygous for the same G→A transition in codon 283 producing the replacement of a conserved cysteine of the extra-cellular domain of the protein by a tyrosine. All affected chromosomes in homozygous and heterozygous relatives carried the same allele 5 of the intragenic marker D13S232. Flanking markers were studied to delineate a common ancestral haplotype, the size of which was used to compute the date of the founding mutation. We found evidence that the mutation occurred between 60 and 200 generations ago, therefore possibly predating the commonly accepted date of migration of the Gypsy ancestors out of India.
INTRODUCTION
Sarcoglycanopathies are muscular dystrophies due to the disruption of the dystrophin-associated sarcoglycan complex (1, 2) caused by mutations in any of the four already identified sarcoglycan genes (α-,β-,γ-and δ-SG) (3) (4) (5) (6) (7) (8) .
We investigated the molecular basis of a severe form of early onset autosomal recessive muscular dystrophy with sarcoglycan (SG) deficiency in seven large Gypsy families living in different parts of Western Europe and apparently not closely related (see Table 1 ). Linkage analysis could be performed in five families and showed that the disease involved the LGMD2C locus at 13q12 suggesting a defect in the γ-sarcoglycan gene coding for the 35 kDa dystrophin-associated glycoprotein (7) . A common defect responsible for a C283Y missense and consistently associated with allele 5 of the intragenic D13S232 marker was indeed found in all affected patients and carriers.
RESULTS
Muscle γ-SG RNA was amplified by RT-PCR and sequenced in two unrelated patients. In both cases we found a homozygous G→A transition in codon 283, changing a conserved cysteine residue in the extracellular domain of the protein to tyrosine. This mutation creates a new RsaI restriction site facilitating its survey at the genomic level. In all seven families this mutation (RsaI + ) cosegregated with the disease, all of the 18 patients being homozygous and the asymptomatic parents being heterozygous. The heterozygous RsaI + siblings (15 individuals) were also asymptomatic, but some exhibited a moderate increase of creatine kinase.
The mutation was not found either in 14 chromosomes from unrelated control Gypsies, in 426 unrelated chromosomes (34 Caucasian and 392 non-tribal Indian) from normal non-Gypsy individuals, nor in 116 unrelated chromosomes (30 Caucasian, 72 North African, 14 Western Asian) from non-Gypsy unclassified LGMD2 patients. In the seven Gypsy families we found that all of the 65 mutated chromosomes (18 homozygous patients and 29 heterozygous relatives) carried allele 5 (112 bp) at the intragenic (personal data) polymorphic microsatellite D13S232 (GDB accession ID: GDB:292119). Allele 5 is common in several distinct populations (GDB allele frequency: 0.39), including Gypsies in which it was also found independently of the C283Y mutation ( Table 2) .
DISCUSSION
On the basis of linguistic, socio-cultural, morphological, serological and HLA haplotype evidence (9,10) the Romani Gypsies of Europe are believed to originate from Northern Indian populations who arrived in Europe around AD 1100 (9) . Due to almost complete endogamy they form a genetically isolated community, with increased incidence of autosomal recessive diseases.
*To whom correspondence should be addressed The seven Gypsy families with severe autosomal recessive muscle dystrophy of the LGMD2C type live in France, Italy and Spain. They are not closely related since they are known to have settled in these countries several generations ago. The finding of a common C283Y mutation, not yet described in another population background, consistently associated with allele 5 of the intragenic D13S232 marker, suggests that it is a private mutation arising in a γ-SG gene already carrying this allele. A comparable situation has already been described with the Tunisian γ-SG mutation which is consistently associated with allele 3 (122 bp) of the same D13S232 marker (7, 11) .
How old is the C283Y mutation? This mutation occurred on an ancestral haplotype that has been scrambled through successive meiotic recombinations except for the most proximal markers. The size of the original haplotype remaining in a given family can be deduced by comparing the mutation bearing haplotypes in distinct families. It is correlated to the time of occurrence of the mutation and could be used as a genetic clock: the smaller the remaining haplotype, the older the mutation.
Attempts have already been made to estimate the age of a mutation from linkage disequilibrium of flanking markers (12, 13) . Here we take advantage of the high consanguinity of Gypsies to estimate the age of the mutation from the size of the remaining haplotype expressed as a recombination fraction using flanking markers. If g generations have elapsed since the appearance of the mutation, the probability that no recombination occurred in a fraction t on each side of the mutation is (1-t) g . Deriving g from t is a typical Bayesian problem. We computed that the size of the remaining original haplotype on each side of a mutation is approximately 1/g when g is >20. For example if t = 1 cM, g is ∼100. The number of families does not affect the maximum likelihood value, but affects the confidence interval which is inversely correlated to the number of families. Our preliminary data using microsatellites flanking the intragenic marker D13S232 show a minimal size of the ancestral haplotype (Fig. 1) . Computation suggested that the most likely number of generations elapsed since the appearance of the mutation is 110 (95% confidence interval: 60-200) (Fig. 2) . Assuming that a generation is represented by 20 years (14) , this would indicate that the C283Y mutation in the γ-SG gene is at least 1200 years old. If the genetic clock had been reset by a bottleneck around the time of wandering (fixation of one haplotype in a small population), the age of the mutation would be even older. We therefore assume that the C283Y mutation predates the commonly accepted date of migration of Gypsies out of Northern India. This hypothesis may be tested by investigating the Indian tribes from which Gypsies are believed to have originated (9) . 
MATERIALS AND METHODS

Family data
The diagnosis was ascertained on the following criteria: Duchenne-like clinical presentation, males and females equally affected, recessive mode of inheritance, high serum creatine kinase level, normal dystrophin and decreased level of α-and γ-SG in muscle specimens (15) .
Genotyping
DNA was prepared from peripheral blood lymphocytes and amplified using polymorphic microsatellite (D13S175, D13S115, D13S232, D13S292 and D13S283) primer pairs listed in the Genome Database (GDB), or from the Généthon marker collection as described (16) .
RT-PCR and mutation analysis
Total RNA was extracted from muscle biopsies using a RNAsol kit (Bioprobe) and cDNA synthesis was performed using random hexanucleotide primers. The coding sequence of the γ-SG gene was amplified as previously reported (7) . The PCR products were purified by electrophoresis in 0.8% low-melting-point agarose gels and sequenced directly with the ABI DyeDeoxy Terminator Cycle Sequencing kit, using the PCR primers. Both strands of PCR products were sequenced using an ABI 377 sequencer. The C283Y creates an RsaI restriction site visualised on 4% agarose gel after genomic DNA amplification for 35 cycles at 94/59/72_C for 60/60/60 s with the following primers: 5′-CCTGTCTGTGGCCG-GTGTGA and 5′-GCGTTTACTTCCCATCCACGCTGC.
Statistical analysis
Since all patients were offspring of consanguineous matings (first cousin or first cousin once removed), each mutation was assumed to have been inherited through a recent heterozygous parent and only one haplotype was taken into consideration in each family. The C283Y mutation occurred on an ancestor haplotype that could be reconstructed by comparing the distinct family haplotypes. For any generation number g elapsed since the appearance of the mutation (actually the earliest common ancestor) the probability of observing on one side of a mutation the remaining original haplotype in a given interval t can be directly calculated as (1-t) g . The likelihood of any generation number is computed following Bayes' theorem by dividing each of these probabilities by the sum of all probabilities. Corrections have been made for allele frequencies assuming that present allele frequencies in Gypsies reflect past frequencies. Since we assume that the seven families share common ancestors they could not be considered as independent, but this non-independence only affects the confidence interval, not the likelihood peak, and could at least be partially corrected following a Luria-Delbrück type of analysis (17) . In order to assess algorithm efficiency, we have used computer generated haplotypes obtained from simulations using various realistic parameters and given numbers of generation, to calculate backward the probability distribution of these generation numbers. The algorithm appeared robust to a reasonable variation in demographic parameters (not shown). These computation features have been implemented in a dedicated computer program ABEL.
